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Experimental investigations have been performed to determine the effects of nicotiana tobaccum (to-
bacco) extract additive on the electrodeposition of zinc on mild steel in acid chloride solution. The 
experiments were performed under different plating time, different additive concentrations and fi xed pH 
conditions. Zinc electrodeposition on mild steel was performed using a DC – supply at defi ned operating 
parameters. The surface of the plated steel was examined using scanning electron microscopy (SEM); 
and Energy Dispersive Spectroscopy (EDS) for the surface elemental composition analysis. Different 
surface characteristics were obtained depending upon the concentration of the additive and the plating 
time. The corrosion resistance of the plated surface was also determined by a gravimetric method. The 
quality of the electro-deposition of zinc was good as indicated by the microstructural morphology of the 
plated surface except for the few porosities observed. The electrodeposition process was sensitive to the 
changes in the additive concentration and plating time. Any variation in the plating parameter produced 
an enirely new and different surface morphology. 
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INTRODUCTION
Though the commercially-available proprietary additi-
ves1–4 have now been used for some years, the need to 
develop other environment – friendly non-commercial 
proprietary additives for the acid chloride bath has 
been generating increased research interest including 
the present investigation. The need to prevent corrosion 
and toxicity and to enhance the aesthetic value of steel 
components in different manufacturing productions, in-
dustries and services facilities and in our daily lives adds 
to the growing interest in this fi eld of electrodeposition 
research. This work is also a further contribution to the 
recent investigations5–9 which characterized the surface 
effects of additives on the electrodeposition of zinc on 
mild steel in acid-chloride solution under different con-
ditions. Many other authors10–13 have also reported in 
different areas of zinc and zinc alloys electrodeposition 
and on synergistic effect of electrodeposited alloys/effect 
of addition agents and also on their corrosion resistance 
characteristics using different bath solutions.
Chloride zinc solution does not only eliminate cyanide 
in plating, it also gives improved bath effi ciency and 
exceptional brightness. And zinc baths are used where 
it is desirable to have a high plating rate and low cost. 
Chloride zinc plating offers considerable advantages 
over cyanide-based systems, although it is not without 
its share of routine operating problems3. Use of the acid 
sulphate process is increasing due to its relatively low 
cost, safety features and pollution control characteristics, 
but throwing power and insuffi cient brightness from an 
acid sulphate bath are disadvantages9. 
The use of plant extracts as inhibitors for the corro-
sion of metals/alloys has been well documented among 
researchers in recent time14–22. However, the application 
of these plant extracts to electrodeposition of zinc on 
metallic alloy such as mild steel, is very new. Some 
previous work on extracts of tobacco (genus – Nicotia-
na: family – Solanaceae), as an environmental benign 
corrosion inhibitor15–18,23 had shown it to be effective 
in preventing the corrosion of steel and aluminium in 
saline environments; and in fact, exhibiting a greater 
corrosion inhibition effect than chromates8–19. Tobacco 
plants produce ~ 4,000 chemical compounds – including 
terpenes, alcohols, polyphenols, carboxylic acids, nitro-
gen – containing compounds (nicotine), and alkaloids23. 
These complex chemical compositions may exhibit elec-
trochemical activity such as electrodeposition. A good 
result in this work will be of signifi cant technological 
and economic benefi t. 
MATERIALS AND METHODS
The tobacco extract was obtained from the leaves 
which were sun-dried for 10 days before being ground 
to the powder form in order to increase the surface 
area for extraction. Two portions of ground tobacco 
leaves weighing 137 g each were soaked in 420 ml of 
ethanol for 5 days. The ethanol was then boiled off on 
a heating mantle using a simple distillation set to collect 
the ethanol that was used. 30 g of the concentrated to-
bacco extract was obtained after the distillation process. 
The gelatinous extract was then dissolved in 300 ml of 
distilled water to obtain a concentration of 0.10 g/ml 
(100 g/l). The solution was stirred vigorously to ensure 
that the tobacco was properly dissolved.
Experimental set-up
Flat mild steel, SIS 14147, 0.1 cm thick, with a nominal 
composition of 0.038% C, 0.195 Mn and the remainder 
Fe, was cut into several test specimens of 10.0 cm long 
and 1.0 cm wide. A portion of 1.0 cm in length was 
marked off at one end for the electrodeposition of zinc. 
The test specimens were degreased ultrasonically for 
5 minutes with an alkaline degreasing chemical – Henkel 
VR 6362-1, and then removed from the solution, rinsed 
in distilled water, immersed in methanol, and air-dried. 
The specimens were, in turns, etched for 50 seconds Brought to you by | De Gruyter / TCS
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in 3M HCl, rinsed in distilled water, immersed in me-
thanol, air dried and stored in a desiccator for further 
experimental process.
The acid chloride solution for the electrodeposition 
consisted of ZnCl (71g/l), KCl (207g/l) and H3BO4 
(35 g/l). Solution extracts of Nicotiana tobaccum (To-
bacco) of varying concentrations – 4, 5, 6 ml/50 ml of 
acid chloride solution were used in turns as the addition 
agents (Table 1).
water, immersed in methanol, and quickly air-dried. The 
specimens were stored in a desiccator for further analysis.
SEM/EDS characterisation 
 A scanning electron microscope (SEM) equipped 
with energy dispersive spectroscopy (EDS) was used to 
examine the surface morphology of each of the plated 
test specimens. A small portion of each of the specimens 
was cut and mounted on a stub. The specimens were 
examined in turn in the SEM, and electron micrographs 
were made of the representative areas of the surface 
at different magnifi cations. The EDS analysis was also 
done to determine the composition of the surface of 
the plated metal.
Adhesion test 
The adhesion of the zinc coating to the steel substrate 
was tested by using cellotape fastened to the surface 
and later pulled off. This was then visually observed 
for any zinc stripping from the plated steel’s surface. 
The plated surface was further scratched with a scalpel 
to test for the zinc adhesion. The specimens were too 
small for a bending test.
Corrosion resistance testing of electroplated specimen
Corrosion resistance of the electroplated mild steel was 
tested gravimetrically. Each of the plated mild steel test 
specimens was partially immersed in the seawater test 
environment. The seawater was topped up to replace 
the amount lost due to evaporation. Weight Loss me-
asurements were taken every two days for a period of 
24 days. The corresponding corrosion rates values were 
determined from these weight loss values by calculation 
using this formula:
C.R. = 87.6W/DAT (1) 
Where W is the weight loss in milligrams, D is the 
density in g/cm2, A is the area in cm2, and T is the time 




Presented in Fig. 2 (i), is the SEM micrograph of the 
surface of the mild test samples before zinc electrodeposi-
tion. Electrodeposition of zinc on mild steel test samples 
from acid–chloride solution without any additive showed 
no apparent porosity at the portion photographed with 
the SEM, Fig. 2 (ii). The crystals were distinct but dif-
fi cult to describe in shape, with some coarse and fi ne 
particles interspersing each other but were closely packed. 
The surface crystals feature was not particularly smooth. 
The crystals were very much different from those plated 
with an additive. The coarse structure could be due to 
the absence of levelling agents in the acid solution. The 
viability of this type of zinc plating will certainly depend 
on the conditions under which the experiments are per-
formed. The poor throwing power of the acid solution 
could be associated with the observed coarse crystal 
morphological structure of the plated sample surface.
Table 1. The bath addition agent and concentration used
Electrodeposition of zinc on steel was performed by 
partially immersing the steel specimen and the zinc 
electrodes in the plating solution (20 mm deep) through 
the rectangular hole made on – a prepared  perspex 
cover for the 250 ml beaker used as the plating bath. 
The steel specimen was connected to the negative side 
of a DC supplier while the zinc electrodes were also 
connected with a wire to the positive side, Fig. 1. The 
plating solutions were put in turns into the beaker and 
their respective pH was obtained by adjusting the original 
solution with potassium hydroxide. The plating times 
used for each bath were 15 and 18 minutes. The weight 
of the steel specimen was taken before and after the 
electroplating process in order to determine the weight 
of zinc deposit by fi nding the difference between both 
weight readings, (Table 2). 
Figure 1. Schematic diagram of the experimental set-up 
Table 2. Mass of zinc deposited on steel substrate during plating
The plating solution was stirred gently while the pla-
ting was being carried out to ensure even plating. The 
other operating conditions were: pH of the solution, 5; 
temperature, 27–30oC; current 0.08A; Voltage, 13V DC; 
plating time, 15 and 18 min. After each plating expe-
riment, the specimen was taken out, rinsed in distilled Brought to you by | De Gruyter / TCS
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S ame additive concentration and different plating time 
4 ml/50 ml additive at 15 and18 minutes plating time
The micrographs made with plating at 15 and 18 
minutes respectively with the extract concentration of 
4 ml/50 ml of acid chloride solution is presented in 
Fig. 3. The surface microstructure is more of very fi ne 
grains, levelled and looks less bright. At the portions 
examined, there was no discernible porosity observed. 
The crystal particles were very close-packed and creating 
a well-defi ned surface microstructure. When compared 
Figure 2. SEM micrographs of mild steel test sample: (i) Unplated sample (ii) Plated without additive
Figure 3. SEM micrographs of steel surface after zinc plating with 4 ml/50 ml of acid- chloride solution at (i) 15 and (ii) 18 mi-
nutes respectively
with the Fig. 2 (ii), that is, with the one without added 
juice, a signifi cantly clear difference in surface structure 
could be observed. Obviously the observed very fi ne 
grains and the levelling difference in surface morphology 
as evidenced in Fig. 3 (i–ii), emanated from the addi-
tion of the tobacco extract. The difference in surface 
morphology in Fig. 2 (i) and (ii) seems insignifi cant. 
However, Fig. 2 (ii) with 18 minutes plating time appears 
to have a better levelling effect. The complex chemical 
compositions of the tobacco extracts would have impacted 
the surface structure changes/modifi cation. The unique 
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microstructure observed in Fig. 3 (i–ii), is the evidence 
of good zinc electrodeposition. A densely packed sur-
face structure, such as obtained here, is expected to 
give appreciable corrosion resistance performance. The 
brightening effect of the added juice extract was low 
due to the strong dark colour of the tobacco extracts. 
The mass of zinc deposited was weighed to be 24.3 and 
28.3 mg respectively, Table 2. 
5 ml/50 ml of additive at 15 minutes plating time
The change in the extract additive concentration from 
4ml to 5ml tobacco extract/50 ml of acid chloride solution 
and from 18 to 15 minutes plating time provided another 
different surface morphological structure as presented 
in Fig. 4 (i). The very little increase in the volume/
concentration of the extract brought about very signifi -
cant surface morphological changes. Here, the surface 
crystals remained very refi ned and levelled as could be 
observed. The deposition looked dense and very closely 
parked. The samples’ surface was not so bright visually 
due to the tobacco extract strong darkish colour. Even 
an attempt to bleach the solution extract with the acti-
vated carbon failed. The mass of the deposited zinc was 
29.3 mg. There was no apparent porosity seen within the 
micrograph. It is expected that the plating will exhibit 
good corrosion protection  sacrifi cially and cathodically.
5 ml/50 ml additive at 18 minutes plating time
Figure 4 (ii) shows the SEM micrograph of steel surface 
after zinc electrodeposition with 5 ml/50 ml of acid chlo-
ride solution at 18 min. In this micrograph, no porosity 
was observed at the portion(s) examined. The surface 
microstructure shows a densely and closed- packed fea-
ture and thus presenting a good surface morphology. The 
plating time here was 18 minutes and the concentration 
of the addition agent used also increased from 4 ml to 
5 ml/50 ml of acid chloride solution. It is thus plausible 
to associate the observed features here with concentration 
and plating time effect. A non-defective surface feature 
such as this has the positive implication of enhancing 
better surface corrosion protection. The plated zinc was 
expected to corrode sacrifi cially to protect the mild steel 
substrate. The surface crystals were fi ne and with good 
levelling. However, just as mentioned above, the darkish 
colour of tobacco solution extract affected the bright-
ness of the plated surface. The mass of  zinc deposited 
during the plating period was 24.6 mg.
6 ml/50 ml additive at 15 minutes plating time
The SEM micrograph of steel surface after zinc elec-
trodeposition with 6 ml /50ml of acid chloride solution at 
15 minutes is presented in Fig. 5 (i). In this experiment, 
there was an increase in the concentration of the additive 
while the plating time was decreased to 15 minutes. The 
crystal grains at all the magnifi cations presented here 
were very refi ned, well levelled and are closely similar 
in shape. The grains were well close-packed and thus 
presenting a smooth surface characteristics. In spite of 
the low brightness of the deposition, this plating was 
expected to give very good surface protection to the 
mild steel substrate. The mass of zinc deposited was 
24.1 mg. The reduced plating time seemed to have no 
apparent adverse effect on the obtained zinc deposition. 
The increase in the additive concentration appeared to 
have made contribution to the observed fi ne–grained, 
smooth and levelled surface morphology. It is important 
to mention here again that the chemical composition of 
tobacco is indeed very complex. There is no doubt that 
these would have very great benefi cial impact on the 
positive results that were recorded in this work.
Figure 4. SEM micrographs of steel surface after zinc plating with 5 ml/50 ml of acid chloride solution at (i) 15 minutes and (ii) 
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6 ml/50 ml additive at 18 minutes plating time
The results obtained for the plating of zinc on mild 
steel in this work, as presented in Fig. 5 (ii), using 6 ml 
tobacco extract/50ml of acid chloride solution at 18 mi-
nutes plating time were not much different from what 
was obtained with during 15 minutes, using the same 
concentration of the additive. The grain crystals looked 
the same in feature but more refi ned and more compact 
in Fig. 5 (ii). The time effect also made a contribution 
to the morphology of the plated surface though not too 
signifi cant in this case. 
The fi neness and the compactness of the surface 
morphology in Fig 5 (ii) is therefore expected to give 
a better surface protective property in terms of corro-
sion resistance. It is also important to mention that the 
18-minutes plating time enhanced its levelling behaviour.
Different additive concentrations and same plating time
Presented in Fig. 6, are the various SEM micrographs 
for the samples plated at different concentrations of 
4, 5, and 6 ml/50ml and at the same plating time of: 
(A) 15 minutes and (B) 18 minutes respectively. The 
surface morphology of each of these micrographs had 
been described above. They are represented in Fig. 6 
for surface structural comparison. All the micrographs 
used are at the magnifi cation of x 5000. In general the 
plating time of 18 minutes at all the concentrations used 
seem to have fi ner microstructure and better levelling 
feature than the plating time of 15 minutes. The surface 
morphology for each of the plating time for the three 
different concentrations bears very close similarities.
EDS Analysis
The result of energy dispersive analysis (EDS) of Fig. 
3 (iii) is presented in Fig. 7. The surface microstructure 
showed it to be mainly zinc and a little amount of tin 
which could be in trace form in the zinc metal that was 
co-deposited. 
CORROSION RESISTANCE OF THE ZINC PLATED 
MILD STEEL 
Figures 8 to 11 show the various results obtained for 
the weight loss and corrosion rate of the tested samples 
in seawater environment. The results of the weight- loss 
method and the calculated corresponding corrosion rates 
of some of the zinc plated mild steel samples that were 
tested in the sea water medium are presented in Figs. 
8 to 11. Fig. 8 shows the curves of the weight loss versus 
the exposure time at different concentrations of tobacco 
extract additive and at the plating time of 15 minutes 
for each of the test samples. 
All the plated samples showed better corrosion resi-
stance than the unplated samples as expected. While the 
unplated sample recorded a weight loss of 39.70 mg on 
the 30th day of the experiment, the sample plated with 
6ml tobacco solution extract/50 ml acid chloride solution 
recorded a weight loss value of 11.30 mg at the same 
period of 30 days of the experiment. The weight loss 
recorded for the plated samples was due mainly to the 
anodic zinc dissolution in the test environment after 
a long period of 30 days.
The corresponding corrosion rates curves, Fig. 9 
followed the same trend as above. The unplated test 
sample recorded the highest corrosion rate (0.1631 and 
0.1666 mm/yr) on the 20th  and 30th day of the expe-
riment respectively; while the sample plated with 5 ml 
solution extract/50 ml acid chloride solution recorded the 
corrosion rates of 0.0691 and 0.06694 mm/yr at the same 
peeriod of the experiment respectively. The difference 
Figure 5. SEM micrographs of steel surface after zinc plating with 6 ml/50 ml of acid chloride solution at (i) 15 min. and (ii) 18 
minutes respectively
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in corrosion rate is signifi cant. The results obtained 
for the corrosion rate test with 4 ml/50 ml additive for 
15 minutes plating time, was out of trend of corrosion 
performance. It is diffi cult to explain why the specimen 
without additive showed better corrosion resistance in 
this instance. However, any porosity as could be obse-
rved in Fig. 3 would provide a small anodic site on the 
mild steel substrate in comparison with a large cathodic 
zinc plated portion with the consequence of increased 
rate of corrosion reactions such as observed. It should 
be noted also that additives function more as levelling 
and brightening agents.
Figure 6. SEM micrographs for the samples plated at different concentrations and at the same plating time: (A) – (i) 4 ml, (ii) 
5 ml and (iii) 6 ml/50 ml for 15 minutes; (B) (i) 4 ml, (ii) 5 ml, and (iii) 6 ml at 18 minutes respectively
Figure 7. EDS analysis of the plated surface of sample in 
Fig. 3 (ii)
Figure 8. Variation of weight loss with exposure time for the 
zinc electrodeposited mild steel – sample in seawater. 
(Variable additive concentrations and 15 minutes 
plating time)
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While maintaining the other plating parameters, the 
results presented in the curves in Figs. 10 (weight loss) 
and Fig. 11 (corrosion rates) were obtained with the 
plating time of 18 minutes. Just as in Fig. 8, the trend 
of corrosion resistance for the weight loss values looked 
similar. The samples plated with 5 ml solution extracts 
(as additive), gave the lowest weight loss (12.80 mg) on 
the 30th day of the experiment while the lowest corro-
sion rate. 0.0485 mm/yr was recorded for the sample 
tested with 6 ml tobacco extract at the same period of 
the experiment. 
In all, as could be seen in the results as contained 
in the curves, the plated samples were more corrosion 
resistant and hence more protective. Again this is due 
to deposited zinc going into dissolution to sacrifi cially 
protect the mild steel substrate. Also from the results, 
it could be inferred that the rate/magnitude of zinc 
dissolution is minimal.
It is important to mention that the results obtained 
for corrosion resistance performance of the samples bear 
very close correlation with the surface microstructure in 
the micrographs and also to the mass of zinc depodsited 
on the plated portions. The more compact the surface 
crystal particles; the fi ner the crystal structure and the 
less amount of porosity in the plated samples, the more 
the corrosion resistance observed.
The cellotape test confi rmed the strong adhesion of 
the zinc to the steel surface. Visual inspection could 
not reveal any visible particle removed from the plated 
steel surface.
CONCLUSIONS
Using tobacco (Nicotiana tobaccum) extract as the 
addition agent gave good zinc electrodeposition with 
fi ne, dense and close- packed crystal grains on mild steel 
surface in the acid zinc chloride solution.
Characterisation of the zinc plated surface of the mild 
steel substrate showed different surface morphology 
depending upon the plating conditions.
The electrodeposition process was sensitive to changes 
in additive concentration and plating time. Any variation 
in the plating parameter produced an enirely new and 
different surface crystal strucure. 
The plated samples showed good corrosion resistance 
in the seawater test when compared with the unplated 
samples and thus confi rming their expected protective 
capabiliy.
The plating produced less than bright deposition due to 
the tobacco extract’s colour that was diffi cult to decolo-
urise using activated carbon. Though not as bright as the 
cyanide bath, the surface structures obtained indicate that 
the plating can serve several useful protective purposes 
that could be technologically and economically viable.
The additive used was non-toxic agricultural product 
that is environment friendly.
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